The authors studied the incremental value of adding serum cystatin C or creatinine to the Framingham risk score variables (FRSVs) for the prediction of incident cardiovascular disease (CVD) among 6,653 adults without clinical CVD utilizing the Multi-Ethnic Study of Atherosclerosis (2000Atherosclerosis ( -2008. CVD events included coronary heart disease, heart failure, stroke, and peripheral arterial disease. Variables were transformed to yield optimal prediction of 6-year CVD events in sex-stratified models with FRSVs alone, FRSVs þ cystatin C, and FRSVs þ creatinine. Risk prediction in the 3 models was assessed by using the C statistic, and net reclassification improvement was calculated. The mean ages were 61.9 and 64.6 years for individuals with and without diabetes, respectively. After 6 years of follow-up, 447 (7.2%) CVD events occurred. In the total cohort, no significant change in the C statistic was noted with FRSVs þ cystatin C and FRSVs þ creatinine compared with FRSVs alone, and net reclassification improvement for CVD risk was extremely small and not significant with the addition of cystatin C or creatinine to FRSVs. Similar findings were noted after stratifying by baseline presence of diabetes. In conclusion, the addition of cystatin C or serum creatinine to FRSVs does not improve CVD risk prediction among adults without clinical CVD.
Clinical cardiovascular disease (CVD) prevention relies on the modification of traditional risk factors (hypertension, dyslipidemia, diabetes mellitus, smoking, and so on). The Framingham risk score remains the most frequently utilized prediction model to estimate the risk of developing clinical coronary heart disease or CVD (1) (2) (3) . The Framingham risk score is based upon the assessment of multiple risk factors in a population free of clinical cardiovascular disease at baseline (1) (2) (3) . It is increasingly recognized that the reduced glomerular filtration rate (GFR), as determined by serum creatinine, is a strong risk factor for the development of CVD (4, 5) . However, serum creatinine levels are affected by factors such as age, sex, race, and muscle mass, and this confounds the association between GFR and cardiovascular risk (6, 7) . Cystatin C, a cysteine protease inhibitor with a small molecular unit (13.3 kDa), is freely filtered by glomeruli and subsequently metabolized by the proximal tubules (8) . Because cystatin C levels are independent of age, sex, and muscle mass, serum cystatin C may be more sensitive for the detection of mild to moderate decrements in GFR compared with serum creatinine (8) . Cystatin C is associated with presence of subclinical CVD and appears to be an independent predictor of death, cardiovascular events, and heart failure among elderly individuals (9) (10) (11) (12) (13) .
Despite this body of information, the association between measures of GFR and incident CVD among individuals without established CVD at baseline has not been fully investigated (14) . Furthermore, because kidney disease cosegregates with multiple cardiovascular risk factors including hypertension, diabetes, and older age, it remains unclear whether measures of kidney function, such as serum cystatin C or creatinine, improve the prediction of CVD events when added to the measures of traditional risk factors, especially in adults without established CVD. In this study, the incremental value of adding either serum cystatin C or creatinine to the Framingham risk score variables (FRSVs) for the prediction of cardiovascular events in a population without baseline clinical CVD was evaluated by using reclassification tables in addition to traditional measures of risk prediction and model fit.
MATERIALS AND METHODS

Population
The Multi-Ethnic Study of Atherosclerosis (MESA) is a population-based study of 6,814 men and women aged 45-84 years, without clinical CVD at baseline, recruited from 6 US communities (Baltimore, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County, California; northern Manhattan, New York; and St. Paul, Minnesota). The main objective of MESA is to determine the characteristics of subclinical CVD and its progression. Adults with symptoms or history of medical or surgical treatment for CVD were excluded. Information on the sampling frame and study design has been reported previously (15) . Participants who self-reported their race/ethnicity group as Caucasian or white, African American or black, Chinese, or Spanish/Hispanic/Latino were asked to participate and were enrolled between July 2000 and August 2002. Institutional review board approval was obtained at all MESA sites. After excluding 161 (2.3%) participants with missing data on at least 1 FRSV, cystatin C, or serum creatinine at the baseline examination, we included a total of 6,653 individuals (3,136 men and 3,517 women) in the analysis.
Cardiovascular disease events
Information on new CVD events was obtained by trained personnel who contacted the participants or family members. Self-reported diagnoses were confirmed by reviewing medical records. All CVD events were adjudicated and classified by 2 members of the mortality and morbidity review committee. For a mortality event, both hospital records and family interviews were used to determine whether death was directly due to a CVD event. A CVD endpoint was defined as one of the following clinical events: cardiovascular death, resuscitated cardiac arrest, definite or probable myocardial infarction, definite or probable angina, stroke, definite or probable peripheral arterial disease, or congestive heart failure, similar to the definition of CVD used in the Framingham Heart Study (3). Cardiovascular death was defined as the underlying cause if the death was consistent with a fatal cardiovascular cause in the absence of a known nonatherosclerotic or noncardiac cause of death. Resuscitated cardiac arrest was defined as successful recovery from a full cardiac arrest through cardiopulmonary resuscitation. Definite or probable myocardial infarction was based on a combination of symptoms, abnormal cardiac biomarkers (2 times upper limits of normal), and electrocardiographic findings. Probable angina required, in addition to symptoms, a physician's heart failure necessitated heart failure symptoms, such as shortness of breath or edema. In addition to symptoms, probable congestive heart failure required a congestive heart failure diagnosis by a physician and the patient's receiving medical treatment for congestive heart failure. Definite congestive heart failure mandated 1 or more other criteria, such as pulmonary edema/congestion by chest radiograph, dilated ventricle or poor left ventricular function by echocardiography or ventriculography, or evidence of left ventricular diastolic dysfunction. Events that occurred within the first 6 years of follow-up were included in the analysis.
Framingham risk score variables
The FRSVs were age, low-and high-density lipoprotein cholesterol, blood pressure, diabetes mellitus, and smoking (1-3). Although the Adult Treatment Panel III risk score excluded diabetes from the equations, we utilized the variables included in the original and the most recent versions of the Framingham risk score including diabetes mellitus (1-3). All MESA participants completed self-administered questionnaires, provided fasting blood samples, and were interviewed and examined by trained research staff. Blood pressure was measured 3 times at 1-minute intervals by using a Dinamap PRO 100 automated oscillometric device (GE Medical Systems Information Technologies, Inc., Milwaukee, Wisconsin). The average of the second and third measurements was used for this analysis. Diabetes mellitus was defined as a self-reported diagnosis, use of insulin or oral hypoglycemic agents, or fasting glucose of 126 mg/dL or higher. Hypertension was defined as self-reported treatment or systolic blood pressure of 140 mm Hg or higher or diastolic blood pressure of 90 mm Hg or higher. All biochemistry assays were performed on plasma or serum drawn in the morning after an overnight fast.
Serum cystatin C and creatinine
Cystatin C measurements were completed by using a BNII nephelometer on plasma specimens (N Latex Cystatin C; Dade Behring, Inc., Deerfield, Illinois) (16) . The assay range was 0.195-7.330 mg/L. The reported reference range for cystatin C in young, healthy individuals is 0.53-0.96 mg/L. The ranges of intraassay and interassay coefficients of variation 
Statistical analysis
Models were fitted by using Cox proportional hazards models, restricting predictors to components of the Framingham risk score and adding serum cystatin C levels or creatinine levels (17) . To determine the functional form used for each predictor, we used the Box-Cox transformation technique to determine the best fit for each covariate (SAS, version 9.1, software; SAS Institute, Inc., Cary, North Carolina). The optimal transformation within the Box-Cox power transformation includes the logarithm, inverse, square root, and other transformations. Likelihood ratio tests with 95% confidence intervals were calculated to determine the optimal transformation for each continuous variable. When fit was similar for transformations, we chose the simplest form, usually a linear term or log transformation. The inverse of the square root of systolic blood pressure, log base 10 of high-density lipoprotein cholesterol, and the inverse of low-density lipoprotein cholesterol were included as continuous variables. To compare risk discriminatory values of the prediction models, we calculated the area under the receiver operating characteristic curve (C statistic) and likelihood-based measures for each model. Likelihood-based measures include the À2 log likelihood, the Akaike Information Criterion, and the Bayes Information Criterion, which assess the goodness of fit of the model with lower values indicating better fit (17, 18) . Areas under the receiver operating characteristic curves were compared by using an algorithm suggested by DeLong et al. (19) . Model calibration was assessed by using the Hosmer-Lemeshow test with the default setting of 10 bins. Potential interactions of diabetes, age greater than 65 years, and race/ethnicity with serum cystatin C and serum creatinine on CVD risk were assessed by fitting interaction terms (e.g., diabetes 3 serum creatinine and diabetes 3 serum cystatin C) in Cox proportional hazard models that included FRSVs and either serum cystatin C or serum creatinine. Because the interaction term between diabetes and creatinine on CVD risk was significant among men, we performed subgroup analyses stratified by baseline diabetes and by sex.
MESA participants were classified according to their 6-year CVD risk: low risk ( 5%), intermediate risk (>5%-<10%), and high risk (!10%). Using reclassification tables, we calculated calibration as the fraction of individuals with and without events who were classified in high-and low-risk groups, respectively. Reclassification table-based measures, such as risk stratification capacity, classification accuracy, and net reclassification improvement, were calculated to evaluate the incremental predictive ability of adding a new marker to the existing risk prediction model (20) (21) (22) (23) . Risk stratification capacity was defined as the proportion of participants classified as low or high risk (20) (21) (22) . Classification accuracy was defined as the proportion of participants without events who are assigned to the low predicted risk group plus the proportion of participants with events who are assigned to the high predicted risk group (20) (21) (22) . Net reclassification improvement was defined as a sum of differences in proportions of individuals moving to a higher risk group minus the proportion of participants moving to a lower risk group among individuals who developed events and the proportion of individuals moving to a lower risk group minus the proportion of individuals moving to a higher risk group among those who did not develop events (23) .
RESULTS
The baseline characteristics of the study participants (3,136 men and 3,517 women) stratified by the baseline presence of diabetes are shown in Table 1 . A total of 820 participants (Table 1) . During 6 years of follow-up, 297 (9.5%) events occurred in men and 180 (5.1%) in women, with 122 events occurring in participants with baseline diabetes. The cardiovascular risk prediction models with FRSVs alone, FRSVs þ cystatin C, and FRSVs þ creatinine levels are shown in Table 2 . When added to the FRSVs, cystatin C was independently associated with occurrence of incident events in both men and women, while creatinine was a significant predictor only in men. The interaction term between cystatin C and diabetes on CVD risk was not significant for men (P ¼ 0.27) or women (P ¼ 0.46). However, the interaction term between diabetes and serum creatinine on CVD risk was significant among men (P ¼ 0.02) but not among women (P ¼ 0.45).
Interaction terms between age greater than 65 years and cystatin C and serum creatinine and between race/ethnicity and cystatin C and serum creatinine on CVD risk did not reach statistical significance. Among participants with baseline diabetes, cystatin C (P < 0.0001) and serum creatinine (P ¼ 0.005) were significantly associated with incident CVD among men when added to the FRSVs but were not significant among women (P ¼ 0.17 for cystatin C and P ¼ 0.39 for creatinine). Comparisons of overall model fitness for the 3 models stratified by sex and by baseline diabetes are shown in Tables 3-5. In the total cohort, the addition of cystatin C modestly improved all measures of risk prediction (C statistic, À2 log likelihood ratios, the Akaike Information Criterion, and the Bayes Information Criterion) in men, and modest improvement in the C statistic was noted among women with the addition of cystatin C to FRSVs (Table 3 ). In contrast, the addition of serum creatinine to FRSVs did not change the overall prediction of incident CVD risk in men or women in the total cohort (Table 3) . Among male participants with baseline diabetes, the C statistic improved substantially with the addition of cystatin C to FRSVs compared with the FRSVs-alone model (Table 4) . Among women, no substantial change in the C statistic was noted with the addition of cystatin C to the FRSVs compared with the model with FRSVs alone regardless of diabetes status. The addition of serum creatinine to FRSVs actually decreased the C statistic by 0.16 among women without baseline diabetes (Table 5) . Tables 6 and 7 compare risk stratification between the FRSVs and FRSVs þ cystatin C models, as well as the FRSVs and FRSVs þ creatinine models, respectively. Calibration of the risk prediction models can be assessed by comparing the proportions of events in the margins of Tables 6 and 7 with the corresponding row and column labels. Six-year event rates in low-, intermediate-, and high-risk groups were 1.6%, 5.9%, and 13.9%, respectively, in the model with the FRSVs alone and 1.8%, 5.1%, and 14.5%, respectively, in the model with FRSVs þ cystatin C. In the model with FRSVs þ creatinine, the 6-year event rates in low-, intermediate-, and high-risk groups were 1.6%, 5.9%, and 13.9%, respectively. Thus, the calibrations of the 3 models were very similar. Comparisons of the models with FRSVs alone, FRSVs þ cystatin C, and FRSVs þ creatinine led to 870 (13.1%) and 245 (3.7%) individuals stratified to other risk groups, respectively. Risk stratification capacity was similar across the models with FRSVs (72.6%), FRSVs þ cystatin C (72.0%), and FRSVs þ creatinine (72.1%) when judged by risk or when judged by classification accuracy (41.1%, 41.3%, and 40.4% in the FRSVs, FRSVs þ cystatin C, and FRSVs þ creatinine models, respectively) ( Table 8 ). Net reclassification improvement was very small with the addition of cystatin C to FRSVs (0.016; P ¼ 0.48) and slightly negative with the addition of serum creatinine to FRSVs (À0.009; P ¼ 0.49) ( Table 8 ). The addition of cystatin C or serum creatinine to FRSVs did not substantially impact risk stratification in MESA participants with or without baseline diabetes. The net reclassification improvement was less than 1% for FRSVs þ cystatin C and for FRSVs þ creatinine in the cohort with baseline diabetes. No meaningful impact on CVD risk prediction was noted after the addition of cystatin C or creatinine to FRSVs in racial/ethnic subgroups (Table 8) .
DISCUSSION
In this cohort of adults without clinical CVD, cystatin C was significantly associated with CVD events after adjustment for FRSVs, while serum creatinine was not. This may be a reflection of cystatin C being a more accurate biomarker of kidney function compared with serum creatinine. It is also possible that variability in cystatin C levels reflects ) to the Framingham equations (sex-and race-specific models) to predict 5-year cardiac events and mortality among individuals aged 45-74 years without preexisting cardiovascular disease (24) . Although the presence of chronic kidney disease was an important predictor of the composite outcome, particularly among African Americans, it did not improve discrimination of cardiac events or mortality regardless of gender and race. Others have investigated the use of estimated GFR and spot urine albumin/ creatinine ratios to improve prediction of cardiovascular mortality in a Norwegian community-based cohort, and modest improvement was noted after these terms were added to traditional CVD risk factors including age, diabetes, and blood pressure (25) .
Risk prediction models are commonly evaluated with the Hosmer-Lemeshow test and the receiver operating characteristic curve or C statistic, standard tools for evaluating the calibration and discrimination value of screening markers, respectively (24, 26, 27) . The significant P values for the Hosmer-Lemeshow test in this study may reflect the sensitivity of this test to large sample sizes. Because of this limitation, the Hosmer-Lemeshow test should be supplemented with additional measures of model calibration when the sample size is large (28, 29) . We further assessed model performance with reclassification tables (20-22, 28, 29) . In this study, the reclassification tables demonstrated that all 3 risk prediction models (FRSVs, FRSVs þ cystatin C, and FRSVs þ creatinine) appropriately stratified the MESA participants into low-, intermediate-, or high-risk categories.
The strengths of our study include the racial/ethnic diversity of the MESA participants. In addition, CVD events were defined by using previously established criteria and were adjudicated (3). The potential study limitations include a short follow-up period (6 years), especially given that the most recently described Framingham risk score predicted CVD events during a 12-year follow-up period (3). However, the objective of this study was to compare the predictive value of the FRSVs with and without cystatin C or serum creatinine in a population without clinical CVD.
In conclusion, we found that cystatin C remained significantly associated with incident CVD events after adjustment for FRSVs in adults without baseline clinical CVD while creatinine did not. However, the addition of cystatin C or serum creatinine to FRSVs did not substantially change the overall CVD risk prediction or improve the classification of individuals to low or high CVD risk categories. It is possible that these findings may not be applicable to high risk groups, such as populations with older age or chronic kidney disease. Future studies should examine whether the addition of serum creatinine and cystatin C to traditional cardiovascular risk factors improves CVD risk prediction in the high risk groups.
